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D. vulgarisD. vulgaris O O22 stress response: stress response:
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Comparison of OComparison of O22 stress genomic data stress genomic data

Environmental contamination by metals and radionuclides,
constitutes a serious problem in many ecosystems. Bioremediation
schemes involving dissimilatory metal ion-reducing bacteria are
attractive for their cost-effectiveness and limited physical detriment
and disturbance on the environment. Desulfovibrio vulgaris,
Shewanella oneidensis, and Geobacter metallireducens represent
three different groups of organisms capable of metal and
radionuclide reduction whose complete genome sequences were
determined under the support of DOE-funded projects. Utilizing the
available genome sequence information, we have focused our
efforts on the experimental analysis of various stress response
pathways in D. vulgaris Hildenborough, using a repertoire of
functional genomic tools and mutational analysis
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ribosomal protein S16 (rpsP) -0.11 -0.10 6.91   

adenylyl-sulphate reductase, alpha subunit -1.12 -2.13  -2.60 0.69

delta-aminolevulinic acid dehydratase (hemB) 0.79 0.76 0.24   

heme biosynthesis protein (nirJ-1) 0.14 0.19 0.27   

ribosomal protein L21 (rplU) 0.50 0.70 14.91   

ribosomal protein L9 (rplI) -0.43 -0.74 1.84 -2.79  

inosine-5`-monophosphate dehydroge se (guaB) 1.11 2.03 0.03   

aldehyde:ferredoxin oxidoreductase (aor-4) -0.66 -0.76 0.63   

riboflavin synthase, beta subunit (ribH) 0.85 1.51  -2.54  

R -binding protein 1.51 2.56 6.64   

molybdopterin oxidoreductase, iron-sulfur binding subunit (dmsB1) 1.37 2.56   5.74

sulfate adenylyltransferase (sat) -1.54 -2.97 1.45 2.75 0.37

ribosomal protein L3 (rplC) 2.19 4.17 3.05  0.00

ribosomal protein L22 (rplV) 1.12 2.12 2.45   

ribosomal protein L6 (rplF) 0.65 0.81 4.58   

ribosomal protein L15 (rplO) 0.01 0.01   0.49

ribosomal protein L36 (rpmJ) 2.17 4.03    

ATP-dependent Clp protease, ATP-binding subunit ClpX (clpX) 0.49 0.66 0.32   

 DH oxidase, putative 0.11 0.18 0.05   

ketol-acid reductoisomerase (ilvC) 0.30 0.58  -2.70 0.21

bacterioferritin (bfr) -0.85 -0.79 0.25   

thiamine biosynthesis protein ThiC (thiC) 1.09 1.41 0.10   

GAF domain protein 1.37 1.86   74.59

aspartate ki se, monofunctio l class 0.18 0.30 0.45   

isoleucyl-tR  synthetase (ileS) 1.37 2.36 0.33   

Pyruvate ferredoxin/flavodoxin oxidoreductase superfamily 0.29 0.58 0.13   

60 kda chaperonin 1 0.53 0.97 1.68   

trans-2-enoyl-ACP reductase II (fabK)   0.15  0.90

Uncharacterized ACR, COG1433 family 0.69 1.34 0.33  0.11

mrp protein (mrp) 1.76 3.25 0.63   

sulfite reductase, dissimilatory-type gamma subunit    -2.82 0.17

ribosomal protein L1 (rplA) 1.22 2.32    

response regulator, putative 0.30 0.53   4.36

2-isopropylmalate synthase (leuA) -1.10 -0.91 0.45   

3-isopropylmalate dehydratase, small subunit (leuD) -0.23 -0.19 0.32   

pyruvate flavodoxin/ferredoxin oxidoreductase 0.57 0.81 0.66   

glycolate oxidase iron-sulfur subunit. {escherichia, putative 0.13 0.23 0.07   

phosphate acetyltransferase (pta) 0.88 1.28 0.37   

Uncharacterized ACR, YkgG family COG1556 family 0.95 1.58 0.27   

iron-sulfur cluster binding protein 0.63 1.11 0.14   

aspartate-semialdehyde dehydroge se (asd) -0.58 -0.78   0.20

substrate--CoA ligase -0.26 -0.46 0.01   

rubrerythrin (Rbr) 0.65 1.26  -3.80  

desulfoferrodoxin (Rbo) -0.08 -0.07 0.46 -3.28 0.12

rubredoxin-oxygen oxidoreductase (fprA-2) 0.79 1.50 0.37 -3.14  

D -binding protein HU -1.02 -1.77 3.36   

adenylosucci te synthetase (purA) 0.46 0.82 0.23   

TPR Domain domain protein -0.48 -0.57 0.30   

acetolactate synthase, putative 0.76 1.49 0.14   

pyruvate ferredoxin oxidoreductase, alpha subunit, putative -0.26 -0.23 0.21   

5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (metE) -0.84 -1.40 0.22   

ATP phosphoribosyltransferase (hisG) -0.25 -0.45 0.06   

Uncharacterized ArCR, COG2043 superfamily 0.34 0.64 0.34 -8.51 0.06

enolase (eno) -0.22 -0.34   0.28

perosamine synthetase (lpsC) -0.43 -0.67 0.19   

sulfite reductase, dissimilatory-type alpha subunit -1.58 -1.16  -3.26 0.37

adenine deami se (ade) 0.29 0.54 0.16   

GDP-D-mannose dehydratase (gmd) -2.31 -3.24 0.23   

1 
Greater than one is up regulated, less than one is down regulated Genes involved in sulfate reducing pathway

2
 Positive value is up regulated, negative value is down regulated Genes involved in oxygen resistance
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Freezer stock 
1 mL

Starter culture (350 mL)

Grow at 30°C for 24 hrs

Inoculate with 100 mL (10% v/v)

Incubate at 30°C
 for one generation time

Flow diagram of describing the integration sample generation and data analysis

Methods were developed to quantify as many metabolites

from  Desulfovibrio vulgaris as possible. A CE-MS equipped

with a either a bare fused-silica capillary column for cationic

metabolites (A) or a polymer coated SMILE (+) capillary column

for anionic metabolites (B). Companion HPLC-MS/MS methods

were also developed analyzed nucleotides on a hydrophilic

interaction (HI) column (C) and CoA’s on a C18 reverse phase

(RP) column (D).

By a combination of these techniques, we can now analyze over

100 metabolites from cell extracts

OO22 stress gene expression stress gene expression OO22 stress protein expression stress protein expression

The whole genome oligo-based microarray covers all ORFs

in the genome with 3574 oligos, including 3471 (97.1%) unique

probes and 103 (2.9%) probes which may cross-hybridize with

other ORFs

Down-Regulated Proteins (C1/V1)*

UDP-glucose 6-dehydrogenase (ugd)

trans-2-enoyl-ACP reductase II (fabK)
rubredoxin-oxygen oxidoreductase (fprA-2)

pyruvate flavodoxin/ferredoxin oxidoreductase
Pyruvate ferredoxin/flavodoxin oxidoreductase

pyruvate ferredoxin/flavodoxin oxidoreductase
pyruvate ferredoxin oxidoreductase, alpha subunit

NADH oxidase, putative

inosine-5`-monophosphate dehydrogenase (guaB)
glycolate oxidase iron-sulfur subunit

ferredoxin I-related protein
desulfoferrodoxin

anaerobic ribonucleoside-triphosphate reductase

aldehyde:ferredoxin oxidoreductase (aor-4)
iron-sulfur cluster binding protein

iron-sulfur cluster binding protein
iron-sulfur cluster binding protein

GDP-D-mannose dehydratase (gmd)

delta-aminolevulinic acid dehydratase (hemB)

3-isopropylmalate dehydratase, small subunit (leuD)

C0/C1      V0/V1

bacterioferritin (bfr)
heme biosynthesis protein (nirJ-1)

60 kda chaperonin 1
chromosome partitioning protein ParB (parB)

conserved hypothetical protein TIGR01033
 iojap-related protein

long-chain fatty acid transport protein, putative
PAP2 superfamily family

ribosomal protein L18 (rplR)
ribosomal protein L21 (rplU)
ribosomal protein L22 (rplV)
ribosomal protein L24 (rplX)
ribosomal protein L3 (rplC)
ribosomal protein L6 (rplF)
ribosomal protein L9 (rplI)

ribosomal protein S1 (rpsA)
ribosomal protein S16 (rpsP)
ribosomal protein S20 (rpsT)

RNA-binding protein
RNA-binding protein

DNA-binding protein HU
spoU rRNA methylase family protein

sulfate adenylyltransferase (sat)
translation elongation factor P (efp)

Up-Regulated Proteins (C1/V1)*   C0/C1  V0/V1

*Differences in expression determined by the “local pooled error” test using the number of peptides identified per protein

Sulfate
Adenosine-5’-phospho-sulfate

(APS)
Sulfate

adenylyltransferase

APS reductase

SulfiteDissimilatory sulfite reductaseSulfide

6[H]

PPi 2[H]

AMP

ATP

Description logRatio Z VIMSS#
transcriptional regulator, ArsR family, putative -2.89 -5.23 207101

zinc resistance-associated protein precursor. {escherichia, putative -3.44 -5.12 208912

anthranilate synthase component I (trpE) -2.68 -4.82 209401

universal stress protein family -2.22 -4.33 206465

glutamine amidotransferase, class I (trpGD) -2.40 -4.19 209402

Peptidase family U7 family -2.20 -3.96 208380

phage shock protein A (pspA) -2.01 -3.89 208501

integration host factor alpha-subunit (himA) -1.90 -3.57 209332

Androgen receptor domain protein -1.79 -3.52 207506

endoribonuclease L-PSP, putative -2.36 -3.49 209566

Na+/H+ antiporter NhaC (nhaC) -2.27 -3.42 209317

carboxynorspermidine decarboxylase (nspC) -1.84 -3.34 209355

sensory box histidine kinase/response regulator, putative -1.73 -3.27 208861

adenylate kinase (adk) -1.66 -3.27 207402

transcriptional regulator, putative -1.91 -3.26 208600

GDP-D-mannose dehydratase (gmd) -2.31 -3.24 209384

flagellin (flaB3) -1.64 -3.12 207937

periplasmic (nifese) hydrogenase small subunit , fragment (mbhS2) -1.71 -3.10 207386

TRAP dicarboxylate transporter- DctM subunit (dctM) -2.21 -3.10 208936

chemotaxis protein CheY (cheY-2) -1.89 -3.09 207547

high-affinity branched-chain amino acid transport atp-binding protein livf (livF) -1.62 -3.07 206141

inorganic pyrophosphatase, manganese-dependent (ppaC) -1.59 -2.99 207088

sulfate adenylyltransferase (sat) -1.54 -2.97 206736

phosphate ABC transporter, permease protein, putative -2.03 -2.92 208165

tryptophan synthase, beta subunit (trpB) -1.80 -2.87 209406

dna circulation protein, putative -2.24 -2.84 208364

C4-dicarboxylate transport protein (dctM) -1.82 -2.80 208332

nitrogen regulation protein NR(I) (ntrC) -1.79 -2.77 208909

glucokinase (glk) -1.48 -2.73 206469

ThiJ/PfpI family superfamily -1.68 -2.69 206427

transcriptional regulator, AraC family, putative -1.38 -2.68 209211

flagellar L-ring protein FlgH, putative -1.38 -2.68 209453

indole-3-glycerol phosphate synthase (trpC) -1.54 -2.67 209404

'Cold-shock'' DNA-binding domain protein -1.57 -2.66 207324

KIAA1398 protein, putative -1.45 -2.64 208342

hydrogenase expression/formation protein HypA (hypA) -1.67 -2.63 207779

DNA-binding response regulator, putative -1.43 -2.62 208476

DNA-binding protein HU (hup) -1.54 -2.60 208486

DNA polymerase III, delta prime subunit (holB) -1.99 -2.58 208724

alcohol dehydrogenase -1.43 -2.57 207896

fumarate hydratase, class I, putative -1.42 -2.55 208789

heterodisulfide reductase, subunit A/methylviologen reducing hydrogenase, subunit delta -1.36 -2.55 206276

tryptophan synthase, alpha subunit (trpA) -1.33 -2.54 209407

glycerol uptake facilitator protein (glpF) -1.63 -2.53 208652

chemoreceptor protein a -1.37 -2.48 208703

anaerobic dimethyl sulfoxide reductase chain b (hybA) -1.27 -2.45 209532

flagellar biosynthetic protein FliR, putative    -1.34 -2.42 208757

flagellar basal-body rod protein FlgG (flgG)   -1.73 -2.23 208402

flagellar hook-associated protein FlgM, putative    -1.14 -2.09 209457
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pI Range: 3~10

8-15% 2D Large Format Gel (26 x 20 cm)
Spot Data  
Total : 1400

Cy3/Cy5>2: 41 
Cy3/Cy5<2: 86

Sypro Picked: 40

Expression Fold <2: 31

Expression Fold >2: 9

DIGE Cy3/Cy5 overlay of C1 vs V1 samples

Description logRatio Z VIMSS#
ATP-dependent RNA helicase DeaD (deaD) 3.27 6.13 208836

histidyl-tRNA synthetase (hisS) 2.50 4.66 208895

GTP-binding protein TypA (typA) 2.74 4.66 207715

ribose-phosphate pyrophosphokinase (prsA) 2.29 4.19 207025

ribosomal protein L3 (rplC) 2.19 4.17 206745

peptide chain release factor 1 (prfA) 2.15 4.14 208424

ribosomal protein L36 (rpmJ) 2.17 4.03 206767

cytidine/deoxycytidylate deaminase family protein 2.11 3.97 206641

ribonuclease P protein component (rnpA) 2.66 3.80 206510

ATP-dependent RNA helicase DeaD (deaD) 2.06 3.51 208604

3-oxoacyl-(acyl-carrier-protein) synthase III (fabH) 1.94 3.50 206646

DNA-directed RNA polymerase, alpha subunit (rpoA) 1.79 3.44 206771

MinD-related protein 1.72 3.34 207329

amino acid ABC transporter, permease protein (opuBB) 1.99 3.30 207785

ribosomal protein L16 (rplP) 1.73 3.29 206752

methionine aminopeptidase, type I (map) 1.87 3.26 206766

mrp protein (mrp) 1.76 3.25 207585

lipoic acid synthetase (lipA) 2.00 3.21 206333

lycine betaine/L-proline transport ATP binding subunit (proV) 1.76 3.20 207786

RecF protein, putative 1.71 3.20 207497

HlyD family secretion protein (acrA) 1.93 3.10 208327

Helix-turn-helix protein, copG family domain protein 1.72 3.09 208400

inner membrane protein, 60 kDa (yidC) 2.14 3.08 206512

DNA-binding response regulator (mtrA) 1.60 3.06 209194

ferric uptake regulatory protein homolog 1.56 3.03 208612

valyl-tRNA synthetase (valS) 2.01 3.02 206158

AcrB/AcrD/AcrF family protein 1.83 2.99 208989

ribosomal protein S17 (rpsQ) 1.60 2.99 206754

ribosomal protein L29 (rpmC) 1.97 2.85 206753

amino acid ABC transporter, ATP-binding protein 1.65 2.84 206400

ribosomal RNA large subunit methyltransferase J (rrmJ) 1.49 2.75 207745

Transcriptional regulatory protein, C terminal domain protein 1.62 2.71 207806

molybdenum cofactor biosynthesis family protein 1.69 2.71 206403

transketolase (tkt) 1.43 2.70 208027

CarD-like transcriptional regulator superfamily 1.67 2.70 207022

acyl-CoA thioesterase I (tesA) 1.46 2.69 207394

lipoprotein signal peptidase (lspA) 1.38 2.67 207398

conserved hypothetical protein TIGR00148, putative 1.41 2.66 207807

oligopeptide ABC transporter, ATP-binding protein (oppF) 1.39 2.66 209098

dTDP-4-dehydrorhamnose reductase (rfbD) 1.43 2.61 206805

ribosomal protein S14p/S29e 1.35 2.60 206758

ribosomal protein L11 (rplK) 1.65 2.56 208434

dopterin oxidoreductase, iron-sulfur binding subunit (dmsB1) 1.37 2.56 206728

arginyl-tRNA synthetase (argS) 1.33 2.54 206687

cell division protein FtsZ (ftsz) 1.31 2.53 207996

dTDP-4-dehydrorhamnose 3,5-epimerase (rfbC) 1.38 2.52 206122

amino acid ABC transporter, permease protein (glnP) 1.36 2.50 209036

acetoin utilization protein AcuB, putative 1.27 2.47 207316

sulfate transporter family protein 1.36 2.44 209213

ribosomal protein L7/L12 (rplL) 1.47 2.43 208437

isoleucyl-tRNA synthetase (ileS) 1.37 2.36 207397

ribosomal protein S13/S18 1.66 2.32 206768

ribosomal protein L1 (rplA) 1.22 2.32 208435

DNA-directed RNA polymerase, beta subunit (rpoB) 1.17 2.22 208438

utative probable N-acetylmuramoyl-L-alanine amidase (amiA) 1.40 2.21 207859

ribosomal protein S4 (rpsD) 1.98 2.21 206770

universal stress protein family family 1.12 2.18 209195

ribosomal protein S8 (rpsH) 1.25 2.17 206759

ribosomal protein L13 (rplM) 1.12 2.15 208015

ribosomal protein L22 (rplV) 1.12 2.12 206750

ribosomal protein S10 (rpsJ) 1.21 2.11 206744

(A) CE-MS of cationic metabolites (B) CE-MS of anionic metabolites

(C) HI HPLC-MS/MS of nucleotides (D) RP HPLC-MS/MS of CoA’s

Description of the experimental design for the analysis of

the stress response of D. vulgaris exposed to air for up to 5 hrs (~

1 doubling time) compared to cells exposed to N2. Samples at time

0 (CO and V0) and time 5 hrs (C1 and V1) were pooled for the
proteomics analysis. Samples for microarray analysis were taken

at 2 hrs.

V0

V1

C0

C1

Comprehensive 3D LC-MS/MS identified a

total of 1766 proteins from 3674 predicted
ORFs

Protein Mixture

Digestion with

 Lys-C/trypsin Separation by 3D LC

Bioinformatics -

Library Searching

Protein

Identification

Peptide

Sequencing by MS/MS

SCX RPRP

>100,000 peptides>1000 proteins

Example of ICAT result for one heavy:light pair

Down-Regulated Genes

Up-Regulated Genes

• Gene expression analysis using

•

O2 stress induced proteins (C1 vs V1) as determined by 3D LC MS/MS an comparison to

their differential expression profiles to C0 vs C1 (effect of growth) and V0 vs V1 (effect of

growth?+stress)

List of the differentially expressed proteins identified by any of the three

techniques and their corresponding gene expression

Heavy
Metabolites

Light

Metabolites

Metabolite
extraction

Stress ConditionNon-stress Condition

Mix

Metabolites

Separate metabolites

by LC-MSn, CE-MS/MSn

Medium with

[15N]-NH4Cl

[13C]-substrate

Medium with

[14N]-NH4Cl

[12C]-substrate

Measure ratio of 
15N to 14N

or 13C to 12C

in a particular

metabolite

We are currently developing differential metabolome analysis methods to

quantify changes in metabolite levels resulting form exposure to stress

Sulfate reducing pathway showing the three enzymes found to

be down regulated upon exposure to oxygen


